ABSTRACT A proteolipid isolated from yeast mitochondrial adenosinetriphospitatase (subunit 9) (ATP phosphohydrolase; EC 3.6.1.3) by chloroform/methanol extraction has been shown to discharge photo-induced potentials across a planar phospholipid membrane containing bacteriorhodopsin. Oligomycin, a specific inhibitor of oxidative phosphorylation which binds to tis protein, allows the potential gradient to be reestablished. When proteolipid was isolated from an oligomycin-resistant strain, ionophoric activity was still obtained but the effect was not reversed by oligom cin. These studies suggest that the hydrophobic subunit-9 polypeptide is the ionopboric component linking ATP synthesis (hydrolysis) with proton translocation.
Recent studies of mitochondrial oxidative phosphorylation have demonstrated a link between ATP hydrolysis or synthesis and the transmembrane movement of H+ (for review see ref. 1 ). The terminal step of chemical synthesis of ATP or of ATP hydrolysis is generally agreed to be associated with the ATPase protein complex (ATP phosphohydrolase; EC 3.6.1.3) of the inner membrane of mitochondria. Although proton translocation is thought to proceed through the membrane sector of the complex, the components involved in the proton translocating mechanism remain unidentified. The concept that endogenous protein ionophores or protein-bound ionophores in the mitochondrial inner membrane may play an important role in energized membrane processes has recently been advanced by Green (2) and has been examined experimentally in several laboratories (3) (4) (5) (6) (7) (8) (9) (10) .
Some support for this concept is obtained from studies of oligomycin inhibition of ATPase activities. The soluble F1-ATPase is not inhibited by this antibiotic; yet when this enzyme is isolated with a bound membrane sector, it is oligomycin sensitive (11) . The site of oligomycin binding is clearly associated with the membrane sector of ATPase complex. Proton permeability of mitochondrial vesicles is low, but upon removal of FI-ATPase, permeability is greatly increased (12) . Addition of oligomycin effectively reverses this increase. One interpretation of such results is that removal of F1 allows protons access to some ionophoric component in the membrane sector of ATPase and that this ionophoric activity is blocked by binding oligomycin.
Using an affinity labeling technique, we have recently shown that the small chloroform/methanol-soluble subunit, designated subunit 9 by. the nomenclature of Tzagoloff and Meagher (13) , is probably the site of oligomycin binding. This conclusion is strengthened by observations that altered subunit 9 proteins are found in the ATPase complex isolated from one class of oligomycin-resistant mitochondrial gene mutants of yeast (14, 15) . Since oligomycin blocks proton transport and appears to do so by binding to subunit 9, we have investigated the possibility that
The costs of publication of this article were defrayed in part by the paynrient of page charges. This article must therefore be hereby marked "advertisement" in accordence with 18 U. S. C. §1734 solely to indicate this fact. subunit 9 may actually be the proton transporter. The assay was made in phospholipid-impregnated Millipore filter membranes containing bacteriorhodopsin (16) . Upon illumination, such membranes develop a photopotential between two electrode chambers separated by the membrane. Phospholipid vesicles containing subunit 9 were shown to discharge the potential gradient and correspondingly to increase membrane conductance upon association with the planar membrane. This ionophoric activity of subunit 9-was greatly altered by oligomycin.
MATERIALS AND METHODS

Preparations
Saccharomyces cerevtsiae, strain D243-4A (a,ade,lys) and a mitochondrial gene mutant, OR4, generated from this strain were used in all the studies described (17) . Cells were grown in 10-liter batch cultures in a New Brunswick microferm to early stationary phase in medium consisting of (wt/vol) 1% Difco Peptone, 1% Difco Yeast Extract, and either 2% glucose or 2% ethanol. No differences in isolated protein were noted with the different carbon sources. Cells were harvested, washed, and broken with a Braun glass bead homogenizer; mitochondria were then prepared by differential sedimentation (18) . Submitochondrial preparations were obtained by the method of Tzagoloff (19) . Protein concentrations were determined by the Lowry method (20) .
Chloroform/methanol-soluble protein was isolated from submitochondrial preparations by the method of Sierra (16) . Membrane conductance was smaller than 10-8 mho cm2 when bacteriorhodopsin liposomes were present. It was increased when both subunit 9 and bacteriorhodopsin liposomes were present, often to as high as 9 X 10-8 mho-cm-2. Open circuit photopotentials were read from the electrometer with 18 mW/cm2 intensity incident light on the filter membrane.
Preparation of Bacteriorhodopsin Liposomes. As described previously (16) 
RESULTS
The generation of photopotentials across lipid-impregnated filter membranes provides a convenient test system for ionophore activity (Fig. 1) . Upon addition of a suspension of bacteriorhodopsin liposomes to the inner compartment, liposomes become associated with the planar membrane over a period of about 30 min and develop a photopotential which eventually reaches a saturation value. In these experiments, a potential of about 130 mV was common. As this process occurs, the conductance across the membrane decreases. These findings are similar to those already reported from several laboratories for the action of bacteriorhodopsin liposomes as it becomes associated with bilayer membranes (25, 26) or with lipid-impregnated filter membranes (16, 27) ; both methods yield substan'-tially similar results. After a saturated photopotential was reached, the inner compartment was rinsed and replaced with fresh bathing solution. Thus, bacteriorhodopsin liposomes not associated with the planar membrane were removed. After this wash, the photopotential remained at a level of about 130 mV, indicating complete attachment of bacteriorhodopsin liposomes. At this point a preparation of subunit 9-containing liposomes plus CaCl2 was added to the outer compartment, i.e., the compartment opposite that in which the bacteriorhodopsin liposomes were introduced. This caused a progressive decrease in the photopotential over a 3S-min period, during which time membrane conductance increased. The outer compartment was then rinsed with fresh bathing solution to remove unassociated subunit 9 and liposomes. This did not alter measured potential or conductance. When 6 ,uM oligomycin was added to the outer compartment, there was a recovery of the photopotential and decrease of membrane conductance. This response was somewhat more rapid than expression of the ionophore effect, and the time required probably reflects oligomycin associating with ionophore in the plane of the membrane. Identical results were obtained when subunit 9 preparations were made from isolated oligomycin-sensitive ATPase or from chloroform/methanol extracts of submitochondrial particles. In numerous variations of these experiments, we have found that adding liposomes containing bacteriorhodopsin to the opposite side of the membrane from subunit 9 provides the most convenient method and reproducible results. However, the photopotential is also collapsed when the ionophore is introduced in the same side as bacteriorhodopsin (Table 1) . Oligomycin has no direct effect on bacteriorhodopsin-induced photopotentials and reverses or prevents ionophore activity when added either before or after subunit 9 liposomes. While oligomycin is effective in restoring photopotentials regardless of the compartment to which it is added, it is more effective when added to the same compartment as subunit 9. We used a location of subunit 9 and bacteriorhodopsin in opposite compartments as the basic test system to investigate the effectiveness of various amounts of subunit 9 preparations in both reducing the steady state photopotentials generated by bacteriorhodopsin and increasing membrane conductance. As shown in Fig. 2 , the maximum effect is achieved with a final concentration of less than 10 ,g of subunit 9 added per ml. It may be assumed that only added protein taken up by the planar membrane was effective, because rinsing the compartment after the effect is complete does not modify the results. The concentration dependence of oligomycin in reversing the ionophore effect of subunit 9 is shown in Fig. 3 . Maximum recovery of photopotential was reached with oligomycin concentration near 1 ,M. This corresponds to about 1 mole of oli- gomycin/mole of subunit 9 (molecular weight, 7500) taken up by the planar membrane in experiments without bacteriorhodopsin. Since the precise amount of subunit 9 taken up by the membrane in each experiment with bacteriorhodopsin is unknown, the molar ratio cannot be accurately determined, but it is clear that the number of oligomycin molecules added for 50% reversal is much less than the number of subunit 9 molecules in the membrane, suggesting a cooperative interaction.
We tested the specificity of ionophore activity of subunit 9 and oligomycin reversal by performing a number of additional experiments. First, we examined a hydrophobic membrane protein fraction from Escherichia coli prepared by techniques identical to those used in obtaining subunit 9. Also subunit 9 preparations were isolated from an oligomycin-resistant mutant by the isolation procedures utilized for the wild-type subunit 9 preparations. Table 2 summarizes these results and shows the effects of the added test systems on the photopotentials and conductances across the planar membrane. The E. coli preparation was unable to act as an ionophore. Protein isolated from the oligomycin-resistant mutant OR4 was nearly as good an ionophore as preparations from wild-type; however, in this case, 6 uM oligomycin was unable to reverse the ionophore action.
To evaluate whether the presence of bacteriorhodopsin liposomes or contaminants in these liposomes might affect the nature of the ionophore activity and the action of oligomycin, we ran control experiments in which a pH gradient was created across the membrane in the absence of bacteriorhodopsin. The addition of subunit 9 still caused an increase in conductance and a reduction of the potential across the planar membrane. This effect was also reversed by addition of oligomycin. It is noteworthy that venturicidin (1 MM) was somewhat more effective in reversing the ionophore effects.
Yet another control was to test protein fractions that were initially soluble in chloroform/methanol but became insoluble after ether precipitation during the subunit 9 preparation (see Materials and Methods). Such preparations were found to manifest a somewhat reduced ionophore activity compared to purified subunit 9 preparations, but these fractions failed to respond to oligomycin reversal.
DISCUSSION
Workers in several laboratories in recent years have attempted to identify protein fractions in mitochondria that exhibit proton ionophore activity (3) (4) (5) (6) (7) (8) (9) (10) . Racker has shown that mitochondrial and chloroplast proteolipids may act as ionophores in collapsing proton gradients generated by bacteriorhodopsin (4) , but it was not shown that these proteolipids were in fact associated with ATPase nor was any specific relation between ionophoric activity and biological function of this protein demonstrated. This latter question is important since observations of general protein-induced conductivity changes in black lipid membranes and liposomes have been reported recently (28) . Therefore, the simple observation that proteolipids increase conductivity of lipid membranes is not in itself highly significant.
In this investigation we have established that a proteolipid fraction isolated from the mitochondrial inner membrane acts as an ionophore in an oligomycin-reversible fashion which coincides with the observed effect of oligomycin in vvo on ATP synthesis or hydrolysis. Fig. 4 In order for oligomycin to block proton conductivity via subunit 9, it must bind to the protein and either interfere with, the ability to accept protons or alter the ability of protein to transport protons once bound. Oligomycin may work by "locking" subunit 9 into a nontransporting form. In this regard it is interesting to note that Schubert et al. demonstrated that aggregated membrane proteins had a markedly lowered effect on the conductivity of black lipid membranes (28) . Consideration of Fig. 3 indicates that oligomycin may affect more than one protein molecule and suggests an oligomycin-induced aggregation. Previous studies have shown that subunit 9 may exist in a monomer or aggregated form (29) , and that the monomer form predominates in the oligomycin-resistant mutant (14, 15 by a mutation that alters the properties of ATPase subunit 9. The possibility that a small, nonprotein ionophore copurifies with subunit 9 through chloroform/methanol extraction, ether precipitation, and thin-layer chromatography also seems unlikely, particularly since a mitochondnal gene mutation altering subunit 9 changes sensitivity of the ionophore to oligomycin. This does not rule out a covalently bound ionophoric component on the protein.
Fillingame (6, 7) has found thatE. coli membrane fractions contain a dicyclohexylcarbodiimide-binding protein; however, in our studies a chloroform/methanol-soluble protein extracted from anE. coli membrane fraction by the same method used for mitochondria did not serve as an ionophore. However, Gitler et al. (30) have reported that proteolipid fractions isolated from chloroplasts with butanol manifest sensitivity to dicyclohexylcarbodiimide. Folch-Pi and Stoffyn (31) noted large solventdependent differences in the conformation of extracted proteolipids. Further study of the characteristics of these various hydrophobic protein fractions should help to elucidate their specificity and molecular basis of ionophore activity.
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